ABSTRACT Studies were conducted across the southern United States to characterize the efÞcacy of multiple Bacillus thuringiensis (Bt) events in a Þeld corn, Zea mays L., hybrid for control of common lepidopteran and coleopteran pests. Cry1F protein in event TC1507 and Cry1A.105 ϩ Cry2Ab2 proteins in event MON 89034 were evaluated against pests infesting corn on above-ground plant tissue including foliage, stalks, and ears. Cry34Ab1/Cry35Ab1 proteins in event DAS-59122-7 and Cry3Bb1 in event MON 88017 were evaluated against the larvae of Mexican corn rootworm, Diabrotica virgifera zeae Krysan and Smith, which occur below-ground. Field corn hybrids containing Cry1F, Cry1A.105 ϩ Cry2Ab2, Cry34Ab1/Cry35Ab1, and Cry3Bb1 insecticidal proteins (SmartStax) consistently demonstrated reductions in plant injury and/or reduced larval survivorship as compared with a non-Bt Þeld corn hybrid. EfÞcacy provided by a Þeld corn hybrid with multiple Bt proteins was statistically equal to or signiÞcantly better than corn hybrids containing a single event active against target pests. Single event Þeld corn hybrids provided very high levels of control of southwestern corn borer, Diatraea grandiosella (Dyar), lesser cornstalk borer, Elasmopalpus lignosellus (Zeller), and fall armyworm, Spodoptera frugiperda (J.E. Smith), and were not signiÞcantly different than Þeld corn hybrids with multiple events. SigniÞcant increases in efÞcacy were observed for a Þeld corn hybrid with multiple Bt events for sugarcane borer, Diatraea saccharalis (F.), beet armyworm, Spodoptera exigua (Hü bner), corn earworm, Helicoverpa zea (Boddie), and Mexican corn rootworm. Utilization of Þeld corn hybrids containing multiple Bt events provides a means for managing insect resistance to Bt proteins and reduces non-Bt corn refuge requirements.
A complex of insect pests is capable of causing injury to Þeld corn, Zea mays L., produced in the southern United States. Growing conditions are conducive to the development of insect infestations beginning at emergence through maturation of ears, resulting in injury to leaf, stalk, ear, and root tissue. The most important lepidopteran insect pests commonly infesting Þeld corn in this region include the southwestern corn borer, Diatraea grandiosella (Dyar); sugarcane borer, Diatraea saccharalis (F.); corn earworm, Helicoverpa zea (Boddie); and fall armyworm, Spodoptera frugiperda (J.E. Smith) (Sparks 1979 , Castro et al. 2004 , Buntin 2008 .
Southwestern corn borer is the most widely distributed borer species in the southern United States. Two or more generations of southwestern corn borer can occur per year, synchronizing with whorl and ßow-ering stages of Þeld corn development. Yield losses may occur as a result of whorl feeding; stalk tunneling and girdling; ear leaf-sheath feeding; and/or ear shank tunneling and girdling (Davis et al. 1972 ). Sugarcane borer causes injury similar to that of southwestern corn borer, but in recent years has been considered the dominant species infesting corn in Louisiana (Wu et al. 2009 ). Lesser cornstalk borer, Elasmopalpus lignosellus (Zeller), is a sporadic pest of Þeld corn. Larvae of lesser cornstalk borer tunnel into seedlingstage Þeld corn near the soil surface, often injuring the growing tip and resulting in symptomology ranging from stunting to plant death (Lynch 1999) .
Fall armyworm is capable of causing defoliation during the whorl stage of Þeld corn, particularly in later-planted Þeld corn where these vegetative stages are synchronized with high-moth abundance. Though occurring rarely in the southeastern and mid-southern United States, beet armyworm, Spodoptera exigua (Hü bner), is another species that has been documented as infesting vegetative stage Þeld corn (Hendricks et al. 1995) . Similar to southwestern corn borer and sugarcane borer, fall armyworm and corn ear-worm also infest corn ears and feed directly on developing kernels. Corn earworms typically begin feeding on silks at the ear tip before consuming kernels down the ear, whereas fall armyworm will burrow through the ear tip, husk, or shank (Buntin 1986 ). Damage to developing kernels by larval pests can facilitate the invasion of secondary pests and microorganisms that may produce mycotoxins; thus, potentially resulting in additional yield loss and quality (Williams et al. 2005) . Corn roots are also susceptible to injury from soil-inhabiting larvae of the Mexican corn rootworm, Diabrotica virgifera zeae Krysan and Smith. The Mexican corn rootworm is a sporadic pest, occurring from southern to northÐ central parts of Texas, and feeds within the roots of corn causing stalk lodging under severe infestations (Porter et al. 2010) .
Management of Þeld corn insects is generally difÞcult to accomplish with foliar insecticides because of their cryptic larval habits and difÞculty in scouting. Detection of fall armyworm, southwestern corn borer, and sugarcane borer eggs and small larvae in whorl stage Þeld corn is difÞcult, and insecticide spray coverage in Þeld corn is reduced because larvae are located in the wrapped-up leaves of the whorl until larval development is complete (Davis et al. 1972) . For stalk boring insects, an effective chemical control depends on appropriately timing an application before larvae enter the stalks and are protected from the insecticide. Similarly, larvae infesting ears spend little time outside of the ear before penetrating beneath the protected husks, thus Þeld corn ears are commonly left untreated because control is not cost effective (Rector et al. 2002) . Mexican corn rootworm infestations are also difÞcult to predict, and preventive soil insecticides were exclusively used for control before the introduction of Þeld corn hybrids containing Bt traits targeting rootworms (Spurgeon et al. 2004) .
Transgenic plants that express Bt proteins throughout a broad range of tissue and for the duration of plant development are useful for overcoming many of the limitations associated with managing Þeld corn insects with synthetic insecticides. An early single-gene Bt Þeld corn hybrid became widely available to producers during 1996 and contained Cry1Ab (event MON 810, YieldGard, Monsanto Co., St. Louis, MO), which protected against leaf, stalk, and ear feeding insects. Though highly effective against European corn borer, Ostrinia nubilalis (Hü bner), and southwestern corn borer, larvae of fall armyworm, black cutworm, Agrotis ipsilon (Hufnagel), and corn earworm were capable of establishing on Cry1Ab hybrids (Pilcher et al. 1997 , Castro et al. 2004 , Buntin 2008 . A second generation corn product was later developed through the use of recombinant DNA techniques producing two Cry proteins, Cry1A.105 and Cry2Ab2 (event MON 89034, Genuity VT Triple Pro, Monsanto Co.) (Drury et al. 2008) . The Cry1A.105 component provides increased activity against fall armyworm and black cutworm and the Cry2Ab2 component provides control of corn earworm, while still providing the spectrum of control provided by Þeld corn hybrids containing Cry1Ab protein (Drury et al. 2008) . Field corn hybrids that express the Cry1F insecticidal crystal protein of Bacillus thuringiensis variety aizawai were commercialized in the United States in 2003 (event TC1507, Herculex I Insect Protection, Dow AgroSciences LLC, Indianapolis, IN). Cry1F Þeld corn hybrids provide control of not only European corn borer and southwestern corn borer, but also are active against damaging infestations of other lepidopteran pests including sugarcane borer, fall armyworm, and black cutworm with levels of control greater than that of non-Bt Þeld corn managed with or without supplemental foliar insecticides (Buschman et al. 2001 , Royer et al. 2003 , Buntin 2008 , Siebert et al. 2008 . Transgenic Þeld corn hybrids expressing Bt proteins active against corn rootworm larvae have also been developed and two events are commercially available (Vaughn et al. 2005 , Storer et al. 2006 . Event MON 88017 (YieldGard Rootworm, Monsanto Co.) expresses a modiÞed Cry3Bb1 protein (Nguyen and Jehle 2009 ) and event DAS-59122-7 (Herculex Xtra Insect Protection, Dow AgroSciences LLC) contains Cry34Ab1 and Cry35Ab1, which act together as binary insecticidal proteins (Herman et al. 2002) .
Currently, no single transgenic event provides control of the complete spectrum of insect pests that may injure Þeld corn in the southern United States. In addition, extensive use of a single transgene has the potential to hasten insect resistance. Therefore, events MON 89034 and TC1507 and events MON 88017 and DAS-59122-7 targeting above-ground lepidopteran pests and below-ground coleopteran pests, respectively, have been combined through traditional breeding approaches. Field corn hybrids containing these six Cry proteins provide the opportunity to broaden the spectrum of activity. Combinations of insect resistant traits may also aid in resistance management of target pest species (Tabashnik 1994 , Storer et al. 2010 . Furthermore, combinations of Cry proteins available in a single plant can reduce the proportion of non-Bt corn refuge required in southern United States agroecosystems containing corn and cotton, Gossypium hirsutum L. Field corn hybrids containing events MON 89034, TC1507, MON 88017, and DAS-59122-7 also contain transgenes for glyphosate and glufosinate resistance, providing another tool for managing Þelds that contain an increasing number of glyphosate resistant weed species (Green and Owen 2011) .
The objective of the following series of experiments was to compare the efÞcacy of Þeld corn containing transgenic Cry1F and Cry1A.105 ϩ Cry2Ab2, alone and in combination, for control of southwestern corn borer, sugarcane borer, lesser cornstalk borer, fall armyworm, beet armyworm, and corn earworm. In addition, Þeld corn hybrids containing Cry3Bb1 and Cry34Ab1/Cry35Ab1, alone and in combination, were evaluated for control of Mexican corn rootworm. The experiments were designed to assess reductions in injury by common insect pests using accepted methodologies, during discrete periods, and on plant parts which the insects commonly infest. Experiments were established in locations representative of where these pests may occur in the southern United States, but similar to production environments across Texas, Louisiana, Arizona, Mississippi, Tennessee, Alabama, Georgia, Florida, North Carolina, and South Carolina.
Materials and Methods
Experimental Design. Studies evaluating injury from above-ground whorl, stalk, and ear infesting insects and below-ground root infesting insects to Bt and non-Bt corn hybrids were conducted from 2007 to 2010 (Table 1) . Depending on the pest spectrum targeted, studies compared Bt events, both alone and in combination, and to a non-Bt corn hybrid. To minimize the effects of corn genotypes, near-isogenic corn hybrids were evaluated. Bt proteins (events) evaluated against foliar pests (fall armyworm, beet armyworm, southwestern corn borer, sugarcane borer, lesser cornstalk borer, and corn earworm) were corn hybrids containing Cry1F (event TC1507, Herculex I Insect Protection or HerculexXtra Insect Protection, Dow AgroSciences LLC), Cry1A.105 ϩ Cry2Ab2 (event MON89034, Genuity VT Triple Pro, Monsanto Company), a breeding combination containing Cry1F and Cry1A.105 ϩ Cry2Ab2 (also including Cry34Ab1/ Cry35Ab1 and Cry3Bb1) (SmartStax, Dow AgroSciences LLC and Monsanto Company), and a non-Bt corn hybrid (containing event NK603 and conferring only glyphosate herbicide tolerance). Bt proteins (events) targeted against Mexican corn rootworm included a corn hybrid containing Cry34Ab1/Cry35Ab1 (event DAS59122Ð7, Herculex Xtra Insect Protection, Dow AgroSciences LLC), Cry3Bb1 (event MON 88017, YieldGard Rootworm or Genuity VT Triple Pro, Monsanto Company), a breeding combination containing Cry34Ab1/Cry35Ab1 and Cry3Bb1 (also including Cry1F and Cry1A.105 ϩ Cry2Ab2) (SmartStax, Dow AgroSciences LLC, Indianapolis, IN and Monsanto Company), and a non-Bt corn hybrid (containing event NK603 and conferring only glyphosate herbicide tolerance). The Þeld corn hybrid containing four Bt events contained both glyphosate herbicide tolerance and glufosinate-ammonium herbicide tolerance. All other corn hybrids compared conferred tolerance to glyphosate herbicide and any corn hybrid containing event TC1507 also conferred tolerance to glufosinate-ammonium herbicide. Seed used for testing was treated only with a commercial fungicide and no preventive treatments of soil or foliar applied insecticides were applied across the test areas. Treatments in the Þeld were planted in a randomized complete block design with four replications at all locations, with exception to lesser cornstalk borer studies that used eight replications. Plot size across locations was four rows (76.2Ð101.6-cm row centers) by 4.5Ð12.1 m in length. All studies were maintained using agronomic practices for optimal productivity and from 2007 through 2009 were regulated by the United States Department of Agriculture Animal and Plant Health Inspection Service, which required studies to be planted Ն201.2 m from other sexually receptive Þeld corn. Grain yield data were not routinely collected because these early-stage experiments (trait combinations) were regulated by the United States Department of Agriculture and therefore, potential for unintended releases of grain into commercial channels existed. In addition, use of relatively small plot sizes and establishment of artiÞcial insect infestations, makes collection of meaningful grain yield challenging.
Fall Armyworm and Beet Armyworm Whorl Feeding Studies. The effects of natural infestations of fall armyworm on Bt and non-Bt corn hybrids at whorl stage was evaluated by assessing incidence and level of leaf feeding from 15 to 20 consecutive plants within one of the center two rows within each plot (Table 1) . Individual plants were evaluated at 10 Ð14 d after infestations were initially observed (V5-V6 corn growth stage) (Ritchie et al. 1993) . Percent incidence was calculated by dividing the number plants with any leaf-feeding by the total number of plants assessed within each plot. All plants were rated individually for leaf-feeding injury by using a 0 Ð9 scale (Davis et al. 1992) , where 0 is no visible injury and nine is whorl and furl leaves Ͼ90% destroyed. ArtiÞcial infestations of beet armyworm larvae occurred at the V5-V6 stage of corn development (Table  1) . Ten consecutive plants, located within one of the center two rows of each plot were infested with 2 d old larvae at a level of 10 larvae per plant. Larvae were provided meridic diet immediately upon eclosion until infested in the Þeld. Individual larvae were placed in plant whorls using a small paintbrush. At 14 d after infestation, all plants were rated individually for leaffeeding injury by using the 0 Ð9 scale (Davis et al. 1992) .
Southwestern Corn Borer, Sugarcane Borer, and Lesser Corn Stalk Borer Whorl and Stalk Feeding Studies. ArtiÞcial infestations of southwestern corn borer larvae occurred at the V8-V10 stage of corn development to simulate a Þrst-generation infestation (Table 1) . Upon eclosion, southwestern corn borer larvae were mixed with corn cob grits and then transferred into plastic dispensers commonly referred to as bazookas (Davis and Oswalt 1979) . Each bazooka was calibrated to deliver 15Ð20 larvae per shot. Infestations occurred on a second consecutive day and at the same level for a total of 30 Ð 40 larvae per plant. In total, 15Ð20 plants were infested in each plot. At 14 d after infestation, all plants were rated individually for leaffeeding injury by using a 1Ð9 scale developed by Guthrie et al. (1960) for European corn borer but adapted for southwestern corn borer and sugarcane borer, where one represents no visible leaf injury or only a Þne amount of shot-hole type injury and nine that represents that most leaves are affected with long feeding lesions (Castro et al. 2004) .
A second artiÞcial infestation of southwestern corn borer larvae to a different set of 15Ð20 plants occurred at the VT-R1 stage of corn development to simulate a second-generation infestation (Table 1) . Larvae were delivered to corn plants using a bazooka as described above at a level of 20 Ð25 larvae per shot. One shot of the larvae and corn grit mixture was placed at the Þrst leaf axil above the ear and a second shot was placed at the Þrst leaf axil below the ear for a total of 40 Ð50 larvae per plant. At the R6 stage of corn development, the entire length of an individual stalk of an infested plant was assessed for injury. The number of tunnels and length (centimeters) of each tunnel within a stalk was determined.
Natural infestations of sugarcane borer occurring at the V8-R2 stage of corn growth was assessed for injury to stalks (Table 1) . Percent incidence of the natural infestations was determined by dividing the number of plants with evidence of injury by total plants within the center two rows within each plot. A sample of 15 plants per plot was assessed at the R6 stage of corn growth for number of tunnels and length (cm) of each tunnel. At maturity, a visual assessment on the percentage of each plot with lodged stalks was also determined.
Corn infested at emergence with natural infestations of lesser corn stalk borer was assessed for injury (Table 1) . At 12Ð16, 19, and 28 d after planting the number of plants emerged within the entire length of the center row of each plot was determined (i.e., plant stand) and the number of those plants that were dead or demonstrating signs of dying were counted. Lesser corn stalk borer was veriÞed as the cause of plant death by examining the soil around plants and locating either a larvae and/or the silk feeding tube constructed by the larvae in the soil adjacent to plants. At 28 d after planting, all plants remaining within the center row were removed from the soil, visually examined for presence of live larvae, and total number of larvae per plot determined.
Ear Feeding Studies. Injury to corn ears by natural infestations of corn earworm, fall armyworm, and sugarcane borer at the R1-R2 corn growth stage was determined. Four studies included only corn earworm, whereas three trials included a complex of corn earworm, fall armyworm, and sugarcane borer (Table  1 ). Ten to 15 ears per plot were assessed once silks were dried at approximately the R3 corn growth stage. Percent incidence of the natural infestations was determined by dividing the number of ears with evidence of injury or presence of larvae by total number of ears assessed. Within each ear, number of larvae collected by species was determined. Consumption by larvae of developing kernels within each ear was also estimated (square centimeters).
Root Feeding Studies. A single location sustained natural infestations of Mexican corn rootworm (Table  1) . At the V16-V17 corn growth stage, 12 plant stalks plots per plot were cut to Ϸ61 cm from the soil surface. A long-nosed shovel was inserted into the soil at distance of 20 Ð30 cm from the stalk to loosen soil around the root mass, while minimizing mechanical injury to the root mass. Each root mass was shaken vigorously upon removal from the soil, rinsed with a high pressure garden hose to remove any additional soil around the roots, then assigned an injury rating from 0 to three (Oleson et al. 2005) . A rating of 0 indicated no feeding damage, a rating of one indicated one node of roots eaten to within 3.75 cm of the stalk, a rating of two indicated two nodes completed destroyed, and a rating of three indicated three or more nodes were completely destroyed.
Statistical Analysis. Advanced statistical methods were considered to test hypotheses based on the experimental data. A particular characteristic of the data that posed challenges is that high levels of controls were observed in treatments involving Bt genes, resulting in one or more treatments with all observations having the same rating. For example, the estimated standard errors were over-inßated when Þtting a probit model with proportional odds to observations based on ratings, thus the resulting asymptotic P values were inappropriate. Bayesian counterparts to the model were also considered, but the chosen models could not adequately explain the data and also resulted in a lack of Þt. In all the parametric models, including the above two that we investigated, model Þtting criteria and residual diagnostics revealed model misspeciÞcation. As a result, a less-powerful but robust KruskalÐWallis nonparametric analysis of variance (ANOVA) procedure based on ranks was used to determine if there were differences among treatments. If differences were indicated, a test of pair-wise differences was used to distinguish treatment differences. Observing ties in the data were common, rather than an exception for the response variables. Therefore, DunnÕs procedure was used to adjust the test statistic to account for ties (Hollander and Wolfe 1999) . Any references in the text or tables to signiÞ-cant differences between treatments are based on probabilities for the observed data being less than a family wise alpha level of 0.05.
Results and Discussion
Studies were conducted across the southern United States to characterize the efÞcacy of a SmartStax Þeld corn hybrid containing Cry1F, Cry1A.105, Cry2Ab2, Cry34Ab1/Cry35Ab1, and Cry3Bb1 insecticidal proteins (also referred to as a ÔÞeld corn hybrid containing multiple Bt eventsÕ) for control of common pests for which the events are active. Cry1F protein in event TC1507 and Cry1A.105 ϩ Cry2Ab2 proteins in event MON 89034 were evaluated against pests infesting corn on above-ground plant tissue including foliage, stalks, and ears. Cry34Ab1/Cry35Ab1 proteins in event DAS-59122Ð7 and Cry3Bb1 in event MON 88017 were evaluated against the Mexican corn rootworm, which occurs below-ground.
Fall Armyworm and Beet Armyworm Whorl Feeding Studies. Incidence of injury and leaf-feeding injury by fall armyworm in whorl stage corn was significantly less for hybrids containing Cry1F, Cry1A.105 ϩ Cry2Ab2, and a combination of Cry1F and Cry1A.105 ϩ Cry2Ab2 proteins compared with a non-Bt hybrid (Table 2 ). There was no signiÞcant difference in incidence and leaf-feeding injury among the three Bt corn hybrids, although injury to a Þeld corn hybrid containing Cry1F and Cry1A.105 ϩ Cry2Ab2 was numerically lower than injury to either of the single event hybrids. These results are consistent with Þeld studies reported in the southern United States in which corn hybrids containing Cry1F sustained signiÞcantly less leaf injury and plant heights were greater and larval growth, development, and survivorship was reduced compared with non-Bt corn hybrids (Buntin 2008 , Siebert et al. 2008 , Hardke 2011 . Furthermore, control of fall armyworm using a Cry1F Þeld corn hybrid has been better than when managing fall armyworm with multiple foliar insecticide applications (Siebert et al. 2008) . Other laboratory studies and Þeld studies with cotton containing Cry1F have also demonstrated the sensitivity of fall armyworm to the Cry1F protein (Siebert et al. 2008) . Similarly, Cry1A.105 protein provides improved activity of fall armyworm as compared with an earlier commercialized MON 810 event containing Cry1Ab, which has provided limited control of fall armyworm (Drury et al. 2008 , Hardke et al. 2011 .
Leaf-feeding injury induced by beet armyworm was signiÞcantly less for Bt corn hybrids compared with a non-Bt hybrid (Table 2) . Injury was signiÞcantly greater to corn hybrids containing only Cry1F as compared with corn hybrids containing Cry1A.105 ϩ Cry2Ab2 or the combination of Cry1F with Cry1A.105 and Cry2Ab2. No data has previously been published on the efÞcacy of corn containing Cry1F or Cry1A.105 ϩ Cry2Ab2 against beet armyworm. However, extensive research has been conducted on beet armyworm infesting cotton containing both Cry1Ac and Cry1F. It is generally accepted that cotton containing Cry1Ac does not provide adequate protection against beet armyworm, whereas the Cry1F component is known to provide the most signiÞcant control of Spodoptera spp. (Tindall et al. 2009 ). EfÞcacy of cotton containing Cry1Ac and Cry1F has been variable for beet armyworm and comparatively less than that of fall armyworm (Tindall et al. 2009 ). Tindall et al. (2009) demonstrated under high infestation levels that cotton containing Cry1Ac and Cry1F did not prevent economic damage by beet armyworm in artiÞcial Þeld infestation studies and effects were only demonstrated as reduced larval development and leaf consumption. Results here indicate that addition of Cry1A.105 and Cry2Ab2 to Cry1F in corn improved efÞcacy against beet armyworm as compared with corn containing only Cry1F. Though no data are available on the efÞcacy of Cry1A.105 or Cry2Ab2 proteins against beet armyworm, Cry1Ab protein is considered to have low activity (Hernandez-Martinez et al. 2008) .
Southwestern Corn Borer, Sugarcane Borer, and Lesser Corn Stalk Borer Whorl and Stalk Feeding Studies. Leaf-feeding injury at V8-V10 stage of corn growth by southwestern corn borer was not signiÞ-cantly different among corn hybrids containing Bt proteins, but injury was signiÞcantly less than a non-Bt corn hybrid (Table 3) . Similarly, number of tunnels and tunnel length per stalk was not signiÞcantly dif- a Cry proteins were compared in near-isogenic corn hybrids. b Events followed by same letter are not signiÞcantly different (DunnÕs pairwise testing after nonparametric one-way ANOVA; ␣ ϭ 0.05).
c Average leaf-feeding injury using scale 1 ϭ no visible injury to 9 ϭ most leaves affected with long lesions (Guthrie et al. 1960). ferent among Bt corn hybrids, but signiÞcantly less than a non-Bt corn hybrid (Table 3) . Field corn hybrids that contain Cry1F or Cry1Ab proteins have provided high levels of efÞcacy of southwestern corn borer (Buschman et al. 2001 , Royer et al. 2003 , Castro et al. 2004 ). Combinations of Cry1F, Cry1A.105, and Cry2Ab2 in a single corn hybrid did not signiÞcantly improve efÞcacy since the control achieved by the single event hybrids was at high levels.
Incidence of sugarcane borer was not signiÞcantly different among Bt corn hybrids, but incidence was signiÞcantly less than in a non-Bt hybrid (Table 4) . Similarly, tunnel length per stalk and stalk lodging was not signiÞcantly different among Bt corn hybrids, but signiÞcantly less than a non-Bt corn hybrid. Number of tunnels per stalk was not signiÞcantly different between a non-Bt corn hybrid and a hybrid containing Cry1F, and both sustained injury signiÞcantly greater than corn hybrids containing Cry1A.105 ϩ Cry2Ab2 or Cry1F and Cry1A.105 ϩ Cry2Ab2. Although the frequency of tunnels was greater in a corn hybrid containing Cry1F, previous studies have demonstrated Cry1F to be effective against sugarcane borer (B.R.L., unpublished data). The present studies suggest that combinations of Cry1F and Cry1A.105 ϩ Cry2Ab2 proteins in a Þeld corn hybrid should provide an advantage in the control of sugarcane borer as compared with a Þeld corn hybrid containing only Cry1F. Wu et al. (2009) (Ghimire et al. 2011 ). While previous studies have demonstrated sugarcane borer to be less susceptible to earlier developed Cry1Ab Þeld corn as compared southwestern corn borer, these studies along with previous studies suggest the combination of Cry1A.105 and Cry2Ab2 as event MON 89034 has improved the overall level of activity against sugarcane borer (Castro et al. 2004 , Huang et al. 2006 .
Plant mortality induced from lesser corn stalk borer infestations was signiÞcantly less and number of larvae was signiÞcantly lower for corn hybrids containing Bt proteins(s) as compared with a non-Bt corn hybrid at 12Ð16, 19, and 28 d after planting (Table 5) . Plant mortality and number of larvae was not signiÞcantly different among Bt corn hybrids. Although no data have been reported on efÞcacy of Cry1F, Cry1A.105, or Cry2Ab2 proteins against lesser cornstalk borer, Þeld corn hybrids containing Cry1Ab protein have demonstrated reduced plant injury, plant mortality, and larval growth inhibition (Vilella et al. 2002) .
Ear Feeding Studies. Incidence of corn earworm larvae, number of larvae, and consumption in ears was not signiÞcantly different between the hybrid containing Cry1F and the non-Bt hybrid (Table 6) . Incidence, number of larvae and consumption by corn earworm was signiÞcantly lower in the corn hybrids containing Cry1A.105 and Cry2Ab2 and the corn hybrid containing Cry1F and Cry1A.105 ϩ Cry2Ab2 as compared with the corn hybrid containing Cry1F and the non-Bt corn hybrid. These results are consistent with Buntin (2008) in which corn containing Cry1F did not reduce ear infestations of corn earworm relative to a non-Bt corn hybrid. Furthermore, commercial corn hybrids containing Cry1F are labeled as only providing suppression of corn earworm (Dow AgroSciences 2007). Field corn hybrids containing Cry1A.105 and Cry2Ab2 provide improved levels of efÞcacy of corn earworm relative to earlier Bt corn hybrid containing Cry1Ab because Cry2Ab2 is more active against corn earworm (Drury et al. 2008 ). The present studies suggest that corn combining Cry1F with Cry1A.105 ϩ Cry2Ab2 provide the opportunity to better manage corn earworm compared with Cry1F alone.
A single study evaluated trait efÞcacy in corn ears against a complex of species comprised primarily of a Cry proteins were compared in near-isogenic corn hybrids. b Events followed by same letter are not signiÞcantly different (DunnÕs pairwise testing after nonparametric one-way ANOVA; ␣ ϭ 0.05).
c Average leaf-feeding injury using scale 1 ϭ no visible injury to 9 ϭ most leaves affected with long lesions (Guthrie et al. 1960) . sugarcane borer (Table 7) . Incidence of injury or larvae in corn ears was not signiÞcantly different among corn hybrids containing Cry1F, Cry1A.105 ϩ Cry2Ab2, or a non-Bt corn hybrid. Incidence was signiÞcantly less for a corn hybrid containing Cry1F and Cry1A.105 ϩ Cry2Ab2 than corn hybrids containing Cry1A.105 ϩ Cry2Ab2 or a non-Bt corn hybrid. Number of corn earworm larvae was not signiÞcantly different among corn hybrids containing Cry1F, Cry1A.105 ϩ Cry2Ab2, or a non-Bt corn hybrid. SigniÞcantly fewer corn earworm larvae were observed in a corn hybrid containing Cry1F and Cry1A.105 ϩ Cry2Ab2 as compared with a corn hybrid containing Cry1F. This study offers further support that a corn hybrid containing Cry1F and Cry1A.105 ϩ Cry2Ab2 has improved activity against corn earworm relative to other proteins compared with in these studies.
There was no signiÞcant difference in the number of sugarcane borer larvae among the three Bt corn hybrids evaluated, and numbers were signiÞcantly less than the non-Bt corn hybrid. There was no signiÞcant difference among the Bt or non-Bt corn hybrids in the number of fall armyworm larvae. Consumption, based upon a complex of species infesting ears, was not signiÞcantly different between a non-Bt corn hybrid and corn hybrids containing Cry1F or Cry1A.105 ϩ Cry2Ab2. Consumption was signiÞcantly less in a corn hybrid containing Cry1F and Cry1A.105 ϩ Cry2Ab2 as compared with a non-Bt hybrid and a hybrid containing Cry1F only. Incidence, larval count, and consumption data suggest corn hybrids containing Cry1F and Cry1A.105 ϩ Cry2Ab will provide improved efÞcacy as compared with a corn hybrid containing either Cry1F or Cry1A.105 ϩ Cry2Ab2, for management of a complex of lepidopteran larvae infesting corn ears.
Root Feeding Studies. Injury induced by Mexican corn rootworm was not signiÞcantly different between a corn hybrid containing Cry3Bb1 and a corn hybrid containing both Cry34Ab1/Cry35Ab1 and Cry3Bb1 (Table 8) . Injury for these hybrids was signiÞcantly less than for a non-Bt corn hybrid and a hybrid containing only Cry34Ab1/Cry35Ab1, which were not signiÞcantly different. While no known data have been published on Mexican corn rootworm susceptibility to Cry proteins, Rupar et al. (1991) reported on the biological activity of Cry3Bb1 on southern corn rootworm, Diabrotica undecimpunctata howardi Barber, and Vaughn et al. (2005) demonstrated Þeld efÞcacy of Cry3Bb1 against a complex of corn rootworm, Diabrotica spp. Activity of Cry34Ab1/ Cry35Ab1 has been demonstrated against western corn rootworm, Diabrotica virgifera virgifera LeConte, resulting in Ն99% larval mortality (Storer et al. 2006 ). These studies demonstrate that a corn hybrid containing Cry34Ab1/Cry35Ab1 and Cry3Bb1 is able to provide control of Mexican corn rootworm equal to that of a corn hybrid containing Cry3Bb1 and better than that of a corn hybrid containing Cry34Ab1/ Cry35Ab1.
The currently adopted insect resistance management program for Bt corn is based on corn growers planting a refuge of non-Bt corn to reduce selection pressure. This strategy was originally developed for managing resistance to European corn borer in most of the U.S. Corn Belt, southwestern corn borer in the southern corn belt, and corn earworm, which occurs on both corn and cotton in the southern United States , Bourguet et al. 2005 ). The refuge is believed to be most effective in situations where the Bt crop presents a "high dose" of the Bt protein against the target insects, where mortality of susceptible insects is thought to be at least 99.9% and resistance alleles are expected to be functionally recessive. In this situation, heterozygous progeny arising from matings between resistant adults from the Bt Þeld and susceptible adults from the refuge are expected to be controlled by the Bt crop. Because of this, resistance alleles are expected to slowly increase in frequency. For pests against which a high dose is not achieved, resistance alleles are not expected to be functionally recessive and mortality of heterozygotes is not expected to be as high. In less-than-high dose situations, refuges serves to reduce area-wide selection pressure for resistance but does not slow the increase in resis- Non-Bt 98.3 (2.6)a 2.9 (0.6)a 6.1 (0.92)a a Cry proteins were compared in near-isogenic corn hybrids. b Events followed by same letter are not signiÞcantly different (DunnÕs pairwise testing after nonparametric one-way ANOVA; ␣ ϭ 0.05).
tance allele frequency as efÞciently as in a high-dose situation (Tabashnik et al. 2009 ). In the case of corn earworm, neither Bt corn traits evaluated in these studies nor commercially available in Bt cotton present a high dose. For corn hybrids that contain a single Bt protein targeting above-ground or below-ground pests, non-Bt corn refuge required is generally 20% of a farmÕs corn acreage. In Cotton Belt states where corn earworm is a pest, a 50% refuge is required (Bourguet et al. 2005) . Greater proportions of non-Bt refuge are required in cotton growing regions because corn is a signiÞcant noncotton host for corn earworm, and Bt cotton produces similar proteins as Bt corn (Gould et al. 2002) . The development of corn hybrids containing multiple proteins active against lepidopteran pests occurring above-ground on leaves, stalks, and ears or coleopteran pests on root tissue is intended to improve resistance management for the Bt proteins while allowing a smaller refuge to increase the beneÞts of Bt corn (Storer et al. 2012 ). As such, in areas not ofÞcially designated as cotton growing areas, non-Bt corn refuges have been reduced from 20 to 5% when a corn hybrid containing Cry1F, Cry1A.105, Cry2Ab2, Cry34Ab1/Cry35Ab1, and Cry3Bb1 is planted; whereas, non-Bt corn refuges have been reduced from 50 to 20% when a corn hybrid containing Cry1F, Cry1A.105, Cry2Ab2, Cry34Ab1/Cry35Ab1, and Cry3Bb1 technology is planted in cotton growing areas (Tabashnik 2010) . Similar refuge reductions have also been approved for other Bt corn products that contain at least two modes of action (i.e., pyramids) against key pests (DiFonzo and Cullen 2012).
Cases of suspected and conÞrmed Þeld resistance to single-trait Bt crops (Tabashnik et al. 2009 ) provide examples of the need to continually evaluate strategies that delay or prevent the onset of resistance. Western corn rootworm is a primary pest targeted by Bt Þeld corn in the United States. SigniÞcantly higher survival of western corn rootworm on Cry3Bb1 Þeld corn has been observed in laboratory bioassays for some populations in Iowa that were associated with Þelds sustaining severe injury as compared with other populations collected from Þelds not associated with injury (Gassmann et al. 2011) . Factors that may have contributed to this shift in susceptibility include Cry3Bb1 Þeld corn not producing a high dose against western corn rootworm, that the inheritance of resistance within western corn rootworm is not a recessive trait, insufÞcient refuge populations, and consecutive years of Cry3Bb1Þeld corn planted in the same production sites (Meihls et al. 2008 , Gassmann et al. 2011 . No cross-resistance in western corn rootworm has been demonstrated between Cry3Bb1 and Cry34Ab1/ 35Ab1 proteins, suggesting that combinations of Cry3Bb1 and Cry34Ab1/Cry35Ab1 proteins in Þeld corn may act to delay resistance as compared with Þeld corn producing only a single toxin (Gassman et al. 2011) . While fall armyworm is considered to be highly sensitive to Cry1F, resistance in Þeld populations has been documented in Puerto Rico (Storer et al. 2010) . Laboratory bioassays demonstrated fall armyworm collected from affected areas to exhibit lower sensitivity to the Cry1F protein compared with typical colonies from other regions. This case of Þeld resistance is isolated to Puerto Rico and contributory factors include the tropical island geography, unusually large population size in the affected year, and drought conditions reducing the availability of alternate hosts. These examples of Þeld resistance, albeit fall armyworm is a secondary pest target of Bt technologies, highlights the potential that Þeld resistance can occur and the need to proactively manage for Bt resistance.
Single Þeld corn hybrids contain Cry1F, Cry1A.105, Cry2Ab2, Cry34Ab1/Cry35Ab1, and Cry3Bb1 insecticidal proteins, through a breeding combination of events TC1507, MON 89034, DAS-59122-7, and MON 88017. A Þeld corn hybrid containing multiple Bt events consistently demonstrated reductions in plant injury and/or reduced larval survivorship as compared with a non-Bt Þeld corn hybrid. These results were validated in Þeld trials across locations in the southern United States where Þeld corn is commonly produced. Insect control provided by a Þeld corn hybrid containing multiple Bt events provided control statistically equal to or signiÞcantly better than corn hybrids 86.7 (5.0)a 1.8 (0.5)ab 9.0 (2.4)a 0.9 (0.6)a 37.6 (7.9)a a Cry proteins were compared in near-isogenic corn hybrids. b Events followed by same letter are not signiÞcantly different (DunnÕs pairwise testing after nonparametric one-way ANOVA; ␣ ϭ 0.05). containing a single event active against target pests. Single event Þeld corn hybrids and Þeld corn hybrids containing multiple Bt events provided very high levels of control of southwestern corn borer, lesser cornstalk borer, and fall armyworm and were not signiÞ-cantly different; whereas, signiÞcant increases in efÞcacy were observed for a Þeld corn hybrid containing multiple Bt events for sugarcane borer, beet armyworm, corn earworm, and Mexican corn rootworm. Utilization of corn hybrids containing multiple Bt events (containing Cry1F, Cry1A.105, Cry2Ab2, Cry34Ab1/Cry35Ab1, and Cry3Bb1 insecticidal proteins) provides a means for managing insect resistance to Bt proteins and reduces non-Bt corn refuge requirements, while providing improved control of common insect pests infesting Þeld corn.
